Abstract MODerate-resolution Imaging Spectroradiometer (MODIS) is a new generation remote sensing (RS) sensor and its applications in hydrology and water resources have attracted much attention. To overcome the problems of slow response in flood disaster monitoring based on traditional RS techniques in China, the Flood Disaster Monitoring and Assessing System (FDMAS), based on MODIS and a Geographic Information System (GIS), was designed and applied to Dongting Lake, Hunan Province, China. The storage curve of Dongting Lake for 1995 was obtained using 1:10 000 topographic map data and then a relationship between water level at the Chenglingji hydrological station and lake area was derived. A new relationship between water level and lake area was obtained by processing MODIS images of Dongting Lake from April 2002 to April 2003 and the influence of lake area variation on water level was analysed with the 1996 flood data. It was found that the water level reduction reached 0.64 m for the 1996 flood if the original lake area curve was replaced with the area curve of 2002. This illustrates that the flood water level has been considerably reduced as a result of the increased area of Dongting Lake since the Chinese Central Government's "return land to lake" policy took effect in 1998. 
INTRODUCTION
MODerate-resolution Imaging Spectroradiometer (MODIS) is a new generation remote sensing (RS) sensor and its output is currently the only free moderate resolution imaging spectroradiometer data in the world. MODIS sensors have been substantially improved in spatial resolution (250 m), number of spectral channels (36), choices of bandwidths (ranging between 0.4 and 14 µm), temporal resolution (0.5 days), radiometric calibration and a much enhanced set of derived products (Townshend & Justice, 2002) . It is expected that MODIS could be a very powerful tool for research and application in hydrology and water resources. At present, there are a number of applications of MODIS data in different aspects of hydrology and water resources, such as flood disaster monitoring (Zhan et al., 2002) , vegetation changes survey Privette et al., 2002; Tang & Zhang, 2002; Zarco-Tejada et al., 2003; Zhang et al., 2003) , glacier or snow distribution (Hall et al., 2001 (Hall et al., , 2002 Wang et al., 2001; Maurer et al., 2003) , water quality control (Harma et al., 2001; Korpinen et al., 2003) , precipitation estimation (King et al., 2003) , soil moisture simulation (Zhou et al., 2003) , and hydrological modelling (Wang et al., 2001) .
In China, the application of MODIS to hydrology and water resources is just beginning. Although some other RS techniques have been widely used in flood disaster monitoring, there are still some weaknesses, such as the slowness of the response. To overcome such a limitation, the Flood Disaster Monitoring and Assessing System (FDMAS) based on MODIS and a Geographic Information System (GIS) was designed and applied in China. This paper shows how the FDMAS was used to monitor Dongting Lake area variation and how the influence of lake area variation on water level was analysed using MODIS data.
CURRENT FLOOD DISASTER MONITORING TECHNIQUES IN CHINA
Over the past decades in China, RS has played an important role in monitoring floods, for example, the Sanjiang Plain flood in northeast China in 1981, the Hefei flood in Anhui Province in 1984, the Liao River flood in northeast China in 1985, the Songhuajiang-Liao flood in northeast China in 1986 and the Yangtze River flood in 1998 (Chen, 1999; NRSCC, 1999) .
Remote sensing data applied in China include NOAA-AVHRR, TM, SPOT and SAR. As data are received day and night, NOAA data have been widely applied for dynamic flood monitoring to record the process of flood occurrence and growth. Both TM and SPOT images, with a number of spectral channels and fine resolution (TM: 30 m and SPOT: 20 m), could effectively provide land cover and flood information for flood simulation analysis, flood line regression analysis and inundated loss assessment. Airborne Side Looking Radar (SLR) System and Airborne SAR System images with high resolution (SLR: 3 m and SAR: 10 m) provide detailed flood information. However, there are also some disadvantages with a single platform. The limitations include lower temporal resolution (TM: 16 days and SPOT: 26 days), lower spatial resolution (NOAA-AVHRR: 1.1 km), smaller swaths (TM: 185 km and SPOT: 60 km), higher prices for data products (TM and SPOT) and more expensive flights (Airborne SLR and SAR). Therefore, it is not easy to obtain large-scale and synchronous monitoring data. Airborne SLR and SAR are normally used for emergency in heavy floods. Though combining NOAA-AVHRR with TM or SAR images was often adopted in practice, the lower capacity of data autoprocessing and the limitation of NOAA-AVHRR spatial and temporal resolutions still restricted aid in decision making for flood control.
PROPOSED FLOOD DISASTER MONITORING AND ASSESSING SYSTEM
Taking the advantages of MODIS in combination with a GIS technique, the FDMAS system was proposed. Its structure is shown in Fig. 1 . Using MODIS daily data and RS image processing software, a flood monitoring model and a land-use model were applied to obtain the dynamic information on water body and land use. The processed products were transmitted to users quickly and accurately via a computer network. Software based on the GIS technique was developed to monitor different types of land use of the inundated area in real time and in the specific region. Thus databases of land-use classification and water body identification images were established. 
Water body identification by MODIS
The first channel of MODIS data (0.62-0.67 µm) is in the red band and the second (0.841-0.876 µm) is in the near infrared (NIR) band. It is critical to distinguish between water body and land (vegetation, soil) in flood monitoring based on RS. There is much difference in the reflected spectral traits between the first and second MODIS channels. In the second channel, the reflectivity of vegetation is higher than that of water bodies, while in the first channel, it is the opposite. This characteristic of different reflectivity in different channels could be used to distinguish between water bodies and land. During floods, the reflectivity of vegetation is low in the red band of the visible spectrum due to the spectral characteristics of the surface features. However, the reflectivity of soil is close to that of water bodies in this band. In the NIR band, the reflectivity of soil and vegetation is high, but that of water bodies is low. To enhance the difference between land and water, an index called the Normalized Difference Vegetation Index (NDVI) was proposed (Tucker, 1979; Huete et al., 2002) , which is defined as follows:
where CH1 and CH2 are the reflectivity of the Earth's surface in the first and second channels of MODIS data, respectively. The water body value of NDVI is low and negative, but that of vegetation and soil is high. Through selection of threshold values, it was possible to recognize land (vegetation, soil) and water. On the other hand, considering the interference of clouds, it might be suggested that the thermal infrared band of MODIS be used. In the images of the thermal infrared band, the value of cloud is low; while that of water bodies and vegetation is high.
Land-use classification by MODIS
Traditionally, land-use information comes mainly from locally reported data, whose accuracy is often low. Since field surveys are costly and time-consuming, it is difficult to obtain the mass information quickly and produce land-use information in time for use by the flood warning services and flood research institutions. The NDVI products generated by NOAA-AVHRR and TM or SPOT data have been widely applied to land-use classification. At present, the MODIS NDVI products have improved considerably compared to the NOAA-AVHRR ones in terms of design and characteristics of instruments. The plant spectrum is the absorbable zone in the red band, and the reflectivity is high in the NIR band. Because of the narrower bands of MODIS, the vapour absorption zone can be eliminated and the chlorophyll reflection is very sensitive in the NIR band. Since the first and second channels are used to calculate the vegetation index, the resolution reaches 250 m.
Another vegetation index product generated from MODIS data is the Enhanced Vegetation Index (EVI) (Huete et al., 1994 (Huete et al., , 1997 , defined as follows:
where ρ is the bidirectional reflectivity of the Earth's surface or atmosphere top layer, L is the adjustment of context, "nir" represents the NIR band, "red" represents the infrared band, "blue" represents the blue band, G is the gain factor, and c 1 and c 2 are coefficients. The EVI could be used to enhance the system sensitivity to high biomass regions. The land-cover information in the region could be determined through the complementary characteristics of the NDVI and EVI. MODIS data can provide synchronous and macroscopic images twice each day, which is of advantage in capturing the dynamic changes on the Earth's surface and in establishing the database of land-use classification images. If the higher-resolution TM or SPOT data were combined with MODIS data, more detailed dynamic monitoring and investigation of land-use changes would be possible.
The overlay of land-use map, Digital Elevation Model (DEM) and inundated area
By comparing images before and during floods, the inundated area was determined. Next, a DEM was overlaid with the inundated area map based on MODIS and the land-use map, so that the inundated area could be determined for different elevations and land types. Finally, databases of the theme maps and statistical results based on GIS could be established, which could list inundated objects, areas and depths.
The application software of FDMAS
The developed application software of the FDMAS used on client terminals includes many functions, such as image receiving and data exchange; image processes of blurring, softening, sharpening and channel splitting; adjustment of brightness and contrast; theme map creation; statistics of water surface area; loss assessment on land resources; simulation of a disaster situation; zooming; cruise; location; network analysis and so on.
MODIS data were received and preprocessed in a MODIS Ground Receiving Station; then the processed products were transmitted to users through the computer network. On the client terminals, the application software of the FDMAS would establish the land-use classification images and water body identification images databases.
CASE STUDY
As the second largest freshwater lake in China (average area in 1995: 2623 km 2 ), and located at the south bank of the Jingjiang River (middle river reach of the Yangtze basin), Dongting Lake is a flood-channel type lake in conjunction with the Yangtze River and the other four main rivers (Xiang, Zi, Yuan, and Li) in the southwestern area of Hunan Province. The Chenglingji station is located at the outlet of Dongting Lake, as shown in Fig. 2 . The lake plays a very important role in regulating discharges of all five rivers (Zhu, 1999) . The average peak reduction capacity of Dongting Lake is 16.41%, and the average regulating storage is 1.23 × 10 10 m 3 during the flood season. The lake is divided into four main parts: East Dongting Lake, South Dongting Lake, Muping Lake and Qili Lake, as well as many small lakes mixed with fish ponds.
With changes in the natural and socio-economic conditions, Dongting Lake has experienced an evolution process (Zeng et al., 2001) . The changes in water surface area and storage capacity of the lake are shown in Fig. 3, while Fig. 4 presents the lake area maps of 1915, 1949 and 1983, respectively . As a result of sedimentation and reclamation, the water surface area and storage had reduced by 128.7% from 1825 to 1995 (BHYWRC, 2000) . In particular, it reduced by 24.6% in just four years from 1954 to 1958. It is obvious that the capacity of Dongting Lake to regulate discharges from the five rivers that feed it is decreasing dramatically. During the four decades before 1998, a great deal of diked lands were reclaimed to grow crops on the flood plain. A large number of people moved into the diked lands, and a number of industries were developed. Thus, a large portion of the original lake region was gradually converted into land, which led to a significant reduction in lake storage and capability to attenuate floods. To hold the same amount of water, the water level of the lake must be increased to compensate for the reduction in lake area. This is one of the important factors which led to the catastrophic flooding in the Yangtze River in 1998. After these great floods in the Yangtze River basin, the Chinese Central and Local Governments have realized the problems and adopted a new policy called "return land to lake". People living inside the diked lands were resettled. The dikes were removed and the diked land area was converted back into lake area in order to increase the storage of Dongting Lake. According to the plan, 558 522 people living inside 333 diked lands, with a total area of about 779 km 2 , should be moved out within five years, so that finally the lake area can increase by about 778.74 km 2 (WRBHP, 2002).
The relationship between water level and lake area in 1995
In this paper, all the water levels are measured according to Wusong base level-the mouth of the Yangtze River into the East China Sea. At the rather high water level (>30 m), the surface gradient of Dongting Lake is not significant, and the water level at Chenglingji station is used to represent the water level of the whole lake. At this station, the alarm water level was 32 m, while the highest water level in history was 35.80 m (20 August 1998). The relationship between water level at Chenglingji station and storage of Dongting Lake in 1995 was obtained from a 1:10 000 topographic map of Dongting Lake from 1994 to 1995. The Yangtze River Water Resources Commission (YRWRC) verified this result with an electronic platometer. In Fig. 5 , the measured storage of Dongting Lake is plotted against the corresponding water level at Chenglingji station. With cubic polynomial fitting, the 1995 storage curve of Dongting Lake, as a function of water level (Z), denoted by V 1 (Z), was obtained, and the correlation coefficient (R 2 ) was calculated, as follows: Then, the area curve in 1995, denoted by A 1 (Z), can be derived as follows: 17346 3 . 1067 042 . 14 ) ( ) ( , respectively. In mathematical terms, A 1 (Z) is also the increment rate of V 1 (Z) against water level Z. The area curve in 1995 is also drawn in Fig. 5 . For a rise in water level from 26 to 27 m, the increment of lake area, ∆A, was 323.074 km 2 ; and for a rise from 27 to 28 m, ∆A was 294.990 km 2 . However, ∆A was only 98.402 km 2 when the water level was increased from 34 to 35 m. As a function of water level, the area curve in 1995 will be used to analyse the influence of area variation on water level in the following sections.
The relationship between water level and lake area in 2002 derived by MODIS data
As a result of sedimentation and reclamation, the area and storage of Dongting Lake have decreased, as shown in Figs 3 and 4. The water level of the lake remained very high for a long period during the great floods in the Yangtze River basin in 1998. It was a commonly held view that the insufficient storage capacity of Dongting Lake was largely responsible for this high water level. Since the Chinese Central Government adopted the policy of "return land to lake" in 1998, the water surface area of the lake has increased gradually (WRBHP, 2002) . Using the MODIS images, the water surface area can be calculated by multiplying the unit area of a pixel with the number of pixels identified as lake area. With the corresponding water level at Chenglingji station, a new relationship between water level and lake area can be established.
MODIS images of Dongting Lake from April 2002 to April 2003 were analysed and the results are listed in Table 1 . Fitting second-order polynomial, the new area curve of Dongting Lake, as a function of water level at Chenglingji station, denoted by A 2 (Z), was determined as: Compared with the traditional method of using an electronic platometer for measurement of a topographic map, the method using MODIS data has many advantages: the response time is quick and the cost is low.
The relationship between water level and discharge in 1996
Because Chenglingji station is close to the conjunction of Dongting Lake and the Yangtze River (about 3.5 km), the water level and discharge at this station are strongly affected by the river. The relationship between the water level and discharge is so unstable that there are different discharges corresponding to the same water level. Due to the limitations of the data, the flood in 1996 was chosen to analyse the influence of lake area variation on water level. In Fig. 7 , the observed daily average discharge is plotted against the corresponding water level at Chenglingji station. Fitting the secondorder polynomial, one gets the relationship between water level and discharge in 1996:
When the water level was below 30 m or above 34 m, the measurements were scattered and the correlation was quite unstable, while for water level between 30 and 34 m, the correlation was stable. The research was focused on the water levels between 30 and 34 m, as water levels in the flood season are typically of this order. 
The influence of area variation on water level
The water balance equation for Dongting Lake is as follows:
where Q in is inflow to Dongting Lake and Q(Z) is the discharge at the outlet of Dongting Lake as a function of water level at Chenglingji station.
Assume that water level of Dongting Lake in a reference year is denoted by Z and the area curve is denoted by A 1 (Z). When the area curve in the reference year is replaced with the one in a different year, the water level of Dongting Lake is denoted by Z + ∆Z and the area curve is denoted by A 2 (Z + ∆Z). Then, for the same inflow, equation (7) may be written as follows:
Subtracting equation (9) from equation (8) gives:
Rearranging equation (10) yields:
It must be noted that Z ∆ differs from ∂Z/∂t, as ∂Z/∂t represents the process of water level variation with time in the reference year floods, which is a known variable.
However, ∆Z represents the increment of water level as a result of the area curve replacement, which is the variable to be solved. Considering that ∆Z is much smaller than Z at Chenglingji station, equation (11) is simplified as follows:
Equation (13) can be solved by the numerical methods, in which following approximations have been made:
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where Z i (i = 1, 2, 3, ...) represents the water levels at different times in the reference year floods, which is a known variable, and ∆t is the time interval for computation. Then, substituting equations (14)- (18) into equation (13), the increment of water level (∆Z) may be expressed as follows:
Here, the initial value of ∆Z can be reasonably assumed to be zero (∆Z 1 = 0).
With equation (19), one can analyse the influence of lake area curve on the water level variation with time. For this purpose, the 1996 flood hydrograph at Chenglingji station was chosen as an example for analysis, and the lake area curve of 1996, which may reasonably be assumed to be the same as that of 1995, i.e. equation (4), was replaced with that of 2002, i.e. equation (5). It is obvious that the water level variation process that is assumed to occur under the scenario of 2002 lake area curve will be different from the observed water level variation process of 1996. This difference due to change of lake area curve can be directly calculated using equation (19). For the floods during the period 7 May-3 August 1996, the difference in water level (∆Z), after replacing the lake area curve of 1996 with that of 2002, was calculated using equation (19) . The observed water level variation process at Chenglingji station and the calculated water level difference ∆Z are plotted together in Fig. 8 . From Fig. 8 , it can be seen that, in general, ∆Z will be negative during the water level rising period but will be positive during the recession period, which means that the increase in lake storage capacity will attenuate the water levels of the big floods but will increase discharges as well as water levels in the recession periods. This impact of increasing the lake storage capacity on the water level variation process is very similar to that of routing hydrographs through an additional reservoir. The calculated maximum waterlevel decline (i.e. negative value of ∆Z) was 0.64 m on 7 June, with the corresponding water level declining from 28.76 to 28.12 m. On 23 July, the water level would decline from 35.29 to 34.89 m. According to equation (6), one can also calculate the difference in discharge at Chenglingji station due to replacing the lake area curve of 1996 with that of 2002, for instance, Q ∆ = -1499 m . During the whole flood process from 7 May to 3 August 1996, the average water-level decline would be about 0.26 m. These results basically agree with the findings of the YRWRC (Peng, 1996) .
CONCLUSIONS
As a result of sedimentation and reclamation, the water surface area and storage of Dongting Lake have been reduced greatly over decades. However, after the great floods in the Yangtze River basin in 1998, the Chinese Central Government adopted a policy of "return land to lake" to avert the adverse trend. The FDMAS based on MODIS and GIS was designed and applied to Dongting Lake. A new relationship between water level at the Chenglingji station and lake area was obtained by processing MODIS images of Dongting Lake from April 2002 to April 2003 and the influence of lake area variation on water level was analysed using 1996 flood data. The main conclusions are summarized as follows: (a) The FDMAS has many advantages in obtaining reservoir area and storage curves, that can be quickly updated at relatively low cost. Thus, the complex task of measuring each new topographic map for changes of terrain can be avoided. (b) For the 1996 flooding of Dongting Lake, when replacing the original lake area curve with that of 2002, a maximum water level reduction of up to 0.64 m (from 28.76 to 28.12 m) could be obtained. In the whole process of the 1996 floods, the peak water level declined from 35.29 to 34.89 m and the average water-level decline was about 0.26 m. This illustrates the results of the Chinese Central Government's "return land to lake" policy aimed to reduce the water levels of Dongting Lake during high floods.
